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We report on the observation of interactions between ultracold Rydberg atoms and ions in a Paul
trap. The rate of observed inelastic collisions, which manifest themselves as charge transfer between
the Rydberg atoms and ions, exceeds that of Langevin collisions for ground state atoms by about
three orders of magnitude. This indicates a huge increase in interaction strength. We study the effect
of the vacant Paul trap’s electric fields on the Rydberg excitation spectra. To quantitatively describe
the exhibited shape of the ion loss spectra, we need to include the ion-induced Stark shift on the
Rydberg atoms. Furthermore, we demonstrate Rydberg excitation on a dipole-forbidden transition
with the aid of the electric field of a single trapped ion. Our results confirm that interactions between
ultracold atoms and trapped ions can be controlled by laser coupling to Rydberg states. Adding
dynamic Rydberg dressing may allow for the creation of spin-spin interactions between atoms and
ions, and the elimination of collisional heating due to ionic micromotion in atom-ion mixtures.
Introduction – On ultracold neutral atoms, Rydberg
excitation has been employed to engineer both the in-
teraction strength and range [1–6]. The resulting long-
range interactions find applications in studying quantum
many-body physics [7] and in quantum information pro-
cessing [8]. In the same spirit, it has been proposed to
control the interactions between atoms and trapped ions
by coupling the atoms to Rydberg states [9–11]. Since the
polarizability of Rydberg atoms scales with the principle
quantum number n to the power of seven, the charge-
induced dipole interactions between atoms and ions are
orders of magnitude larger for Rydberg-coupled atoms,
and the range over which the interactions are relevant
can extend over tens of micrometers. Furthermore, Ryd-
berg dressing may allow tuning the polarizability of the
atoms without losses due to the finite lifetime of Rydberg
states, in analogy to schemes in neutral atoms [12–17].
Dynamic control over the Rydberg-dressed atom-ion sys-
tem would allow for the creation of atom-ion spin-spin
interactions [10] and tailoring of repulsive atom-ion in-
teractions. The latter suppresses micromotion-induced
heating [11] which has formed the major limitation in
creating ultracold atom-ion mixtures [18, 19].
In this Letter, we report on the observation of interac-
tions between single 174Yb+ ions in a Paul trap and a gas
of ultracold 6Li atoms excited to the Rydberg states 24S
and 24P . We study the effect of the vacant Paul trap
by observing atom loss after Rydberg excitation. We fit
the observed loss spectrum with a model taking into ac-
count the independently measured electric fields of the
Paul trap. By juxtaposing the number of trapped ions
counted before and after Rydberg excitation in the hy-
brid trap’s center, we obtain an ion loss rate. We identify
the ion loss with charge transfer following an inelastic col-
lision between a Rydberg atom and an ion. Comparing
this loss rate to the one of ground state atoms colliding
with ions in the 2D3/2 state – for which we measured
the charge exchange rate before [20] – we infer an ion
loss rate that is at least 1.1(4)×103 times higher than
the Langevin collision rate of ground state atoms. This
indicates a huge increase in interaction strength. We fit
the spectral shape of the ion loss with a classical model
of colliding Rydberg atoms and ions, taking into account
the finite lifetime of the Rydberg state and the Rydberg
atoms’ Stark shift induced by the electric fields of both
the ion trap and the trapped ion. Finally, we excite the
atoms to the Rydberg state 24P via a dipole-forbidden
transition. We explain these results by the admixing of
the nearby 24D state due to the intense electric field of
the ion in its vicinity, such that the transition to the
Stark-shifted state becomes allowed.
Setup & Procedure – Details on our experimental setup
can be found in Refs. [20, 21]. In short, we prepare a
cloud of 6Li atoms in a magneto-optical trap (MOT)
about 20 mm below the center of our Paul trap, mag-
netically compress and transport it there, and apply a
second MOT stage to increase its phase space density.
Next, the atoms are optically pumped into an equal
spin mixture of the ground state’s lower hyperfine man-
ifold |22S1/2, F = 1/2〉, and loaded into a crossed opti-
cal dipole trap (ODT), as sketched in Fig. 1a. To per-
form forced evaporative cooling, we increase the scatter-
ing length between atoms in the two magnetic hyperfine
levels by applying a magnetic field of 663 G [22, 23]. We
evaporate the atoms down to a temperature of T ≈ 15µK
in about 1.5 s by lowering the laser power of the ODT,
ending up with up to Natom ≈ 105 atoms at a peak den-
sity of ρ = Natom/((2pi)
3/2σxσyσz)) ≈ 105/((2pi)3/221 ×
47 × 250)µm−3 ≈ 2.6 × 1016 m−3, σi being the Gaus-
sian widths in the respective direction. The cigar-shaped
atom cloud is imaged along the common trap axis z.
As depicted in Fig. 1b, we perform two-photon Ryd-
berg excitation of 6Li to the 24S state via the interme-
diate 32P3/2 state from which we red-detune by δ ≈
40(10) MHz. To achieve this, laser pulses at 323.4 nm
and 808.8 nm are applied while the ODT and all mag-
netic fields are switched off. The two-photon Rabi fre-
quency Ωeff ≈ Ω323.4Ω808.8/(2δ) is on the order of 1 MHz.
In order to perform spin-selective detection of the atoms,
we subsequently switch the magnetic field to 767 G. Ryd-
berg excitation is observed as a loss of atoms in the up-
per spin state of the ground state’s lower hyperfine man-
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FIG. 1. Overview of the experiment. a) Sketch of the
setup. The ions are trapped in a Paul trap (gray) consist-
ing of four blade electrodes and two end caps, where they
are Doppler-cooled with light at 369 nm (blue). A repumper
at 935 nm (red) prevents population trapping in a metastable
state. We image the ions’ fluorescence onto an sCMOS camera
and a photomultiplier tube (PMT). The atoms are trapped
in a crossed-beam optical dipole trap (turquoise) at 1070 nm,
which we shine into the ion trap through apertures in its end
caps. We detect the atoms by absorption imaging with reso-
nant light at 671 nm (light red). b) Simplified level scheme of
6Li. We populate the Rydberg state 24S (and later 24P ) by
two-photon excitation via the intermediate 32P3/2 state. The
light at 323.4 nm (violet) is detuned from the 22S1/2 → 32P3/2
transition by about δ ≈ 40(10) MHz, while the 808.8 nm laser
(red) is scanned over the Rydberg resonances (∆).
ifold, |22S1/2, F = 1/2,mF = −1/2〉, probed by absorp-
tion imaging on the 22S1/2 → 22P3/2 transition. We scan
the frequency of the second excitation laser at 808.8 nm
around the Rydberg levels to obtain the spectra as func-
tions of the two-photon detuning ∆.
We trap one to three 174Yb+ ions in our Paul trap,
operated at a radio frequency (rf) trap-drive frequency
of Ωrf = 2pi × 1.05 MHz. The dynamic stability param-
eters q = 0.13(0.27) correspond to trap frequencies of
ωx ≈ ωy ≈ 2pi × 48(100) kHz and ωz ≈ 2pi × 13(27) kHz,
respectively. We observe fluorescence by driving the
2S1/2 → 2P1/2 Doppler cooling transition at 369 nm. To
quantify the ion loss due to charge transfer, we count the
number of ions before and after the interaction with the
Rydberg-excited atoms by imaging them onto an sCMOS
camera, as illustrated in Fig. 1a. We overlap atoms and
ions by maximizing the ion loss rate of ions excited to
the 2P1/2 state colliding with ground state atoms.
Results – Before performing hybrid Rydberg atom-ion
experiments, the effect of the electric ion trapping field
on the Rydberg excitation has to be explored. This field
is given by ~EPT(~r, t) = (∇Erf)r cos(Ωrft) (x,−y, 0)T +
~Es(~r), with ~r = (x, y, z)
T the position of the ion, and
(∇Erf)r = mqΩ2rf/(2e), with m the mass and e the charge
of the ion. Note that the ion trap’s static field ~Es(~r) is
much smaller than the time-dependent rf field, and van-
ishes completely at the location of the ion, making it neg-
ligible. We change the radial rf electric field gradient of
the vacant Paul trap, (∇Erf)r ≈ q×3.9×107 Vm−2 [24],
FIG. 2. Effect of the Paul trap field on the Rydberg spectra
of 24S. We measure relative atom loss following Rydberg
excitation at different stability parameters q ∈ [0, 0.4]. From
q = 0.13 on, we see a modest asymmetric increase in resonance
width. The results agree with numerical simulations (shaded
lines), assuming a radial size of the atom cloud of σr = 25µm.
and observe the line shape of the Rydberg loss spec-
trum as presented in Fig. 2. Note that we achieve sta-
ble ion trapping for a stability parameter q & 0.1. We
fit the spectra with a model (described in detail be-
low) which includes the effects of the dynamic trapping
field on the Rydberg state, convolved with the minimum
width, q = 0 in Fig. 2, due to laser frequency fluctua-
tions, Doppler broadening from thermal velocity distri-
bution and Zeeman broadening from residual magnetic
fields. The weaker van der Waals Rydberg-Rydberg in-
teraction amounting to C6ρ
2/h ∼ 50 kHz, with C6 the
dispersion coefficient [25, 26] and h Planck’s constant,
can be neglected. Our model is in good agreement with
the experimental results. Operating the trap using low
trapping voltages q . 0.1, the aforementioned broaden-
ing effects dominate the observed linewidths. For larger
trap drive amplitudes up to q = 0.4, an asymmetric and
broad, albeit clear, resonance is visible. The increase of
its red-side flank is predominantly attributed to the ion
trap’s Stark shift on the Rydberg state [25], which has a
polarizability of α24S = 3.1× 106 Hz/(V2/cm2) that is a
factor 7.6× 107 larger than that of the ground state [27].
We conclude that simultaneous trapping of 174Yb+ ions
and Rydberg excitation of 6Li atoms is feasible.
We now perform the experiment with ions loaded into
the trap, for which we set q = 0.13 and apply a laser
pulse of length Tpulse ≈ 20µs to excite the atoms to 24S.
Subsequent atom loss globally samples Rydberg excita-
tion because of wide laser foci spanning the whole cloud.
The atom loss spectrum shown in Fig. 3a exhibits a sim-
ilar shape and width as compared to the corresponding
case without ions in Fig. 2 (q = 0.13, green). Note that
the sightly higher probability is due to higher saturation
of the transition due to higher laser powers.
Simultaneously, we are able to independently measure
ion loss after the interaction time. The long-range inter-
action potential between an ion and a Rydberg atom in
an n2S1/2 state has the form Via = −CnS4 /(2r4ia), for large
3c)
FIG. 3. Rydberg excitation of ultracold atoms and colli-
sions with trapped ions. a) Atom and b) ion loss probability
Stark spectra after Rydberg excitation to 24S. The spectra
are obtained by averaging 19 up to 22 frequency scans. The
presented model (shaded lines) fits the data and the colored
bars indicate the FWHM. The shape and width of the atom
loss spectrum in the vacant Paul trap (grey dashed) are com-
parable to the atom loss, but the ion loss spectrum exhibits
a long spectral tail on the resonance’s red side, which can be
explained by including the ion-induced Stark shift. c) Com-
parison of radial electric field amplitudes of an ion and the
trap’s rf amplitude for q = 0.13. The two graphics depict
the ion (blue) immersed in the atom cloud (red) with the two
respective sampling regions of detectable Rydberg excitation
(light red). An ion probes charge transfer with a single nearby
Rydberg-excited atom (left), whereas atom loss due to Ryd-
berg excitation occurs throughout the whole cloud (right).
atom-ion distances ria [9, 10]. Here, C
nS
4 is the coefficient
for charge-induced dipole interaction, proportional to the
atom’s scalar polarizability αnS . At closer range, the po-
tential becomes more complex as many avoided crossings
between energy surfaces occur [10], leading to inelastic
processes such as charge transfer [28, 29]. A simple clas-
sical over-barrier model of ion-Rydberg atom collisions
predicts a charge transfer probability of Pct = 0.5 per
collision, because the relative velocity of the Rydberg
atom-ion system is much smaller than the velocity of the
Rydberg electron, such that its final position gets ran-
domized [28]. As the 6Li+ ion is too light, it won’t be
trapped, since qLi ≈ 7.8 such that it is not contained in
the stability region of the Paul trap [24].
The saturated ion loss probability spectrum shown in
Fig. 3b reveals a long tail on the resonance’s red side.
The FWHM (colored bars) increases from 10(1) MHz in
the atom loss to 15(1) MHz in the ion loss spectrum.
The ion loss probability does not approach unity, most
likely because a single collision can send the ion into
an orbit beyond the atom cloud, suppressing further
ones. Both the trapped ion and ion trap contribute
to the Stark effect the charge-transferring atom expe-
riences when Rydberg-excited, manifesting itself as the
observed red-sided broadening. The deviation from the
reference atom loss case (grey dashed) likely stems from
the Coulomb field of a centered ion which dominates the
radial rf trap field amplitude over a distance of about
6.5µm, indicated by the blue region in Fig. 3c. Only
Rydberg atoms excited within this region should con-
tribute to the ion loss signal, since atoms excited in the
trap-dominated region (orange) are accelerated away by
the trap. This suggests that the ion loss spectrum is
wider due to the intense electric field of the ion, which
cannot be resolved in the atom loss spectra by absorption
imaging since on average only about 10 out of 105 atoms
reside in each ion-dominated electric field region.
The model to be convolved and fit to the data is sim-
ulated using a Monte Carlo method to sample atomic
starting conditions. We then calculate the atoms’ Stark
shift, and thus Rydberg excitation frequency shift ∆, ac-
counting for all electric fields. To model the ion loss spec-
tra, the sampled starting conditions are propagated dy-
namically under the influence of all electric fields. We as-
sume that the ion is initially trapped in the center, where
the trap’s fields are naturally zero. Charge transfer can
occur once the distance between the atom and ion falls
below rmin = 200 nm, corresponding roughly to the dis-
tance where the potential barrier between atom and ion
opens for the 24S state [28]. We weight the obtained colli-
sion probabilities with the lifetime of the Rydberg atoms
of about τ24S ≈ 11µs [25], within which they can travel
a few micrometers, i.e. we probabilistically dismiss the
cases where the atom does not make it to the ion. From
the simulation of 107 randomly sampled atomic starting
conditions, we obtain a relative collision rate νrel(∆), de-
termining the spectral shape. We calculate the ion loss
probability during the Rydberg excitation pulse accord-
ing to Poissonian statistics as Ploss = Pct(1− e−νrel(∆)·s),
where the saturation parameter s depends on Natom, Ωeff
and Tpulse. All parameters other than the only fit pa-
rameter s are obtained from the model or independent
measurements. Further details on the simulation [30, 31]
and fitting are given in Appendix A.
To prove the enhancement of the atom-ion interac-
tion strength by Rydberg excitation, we compare the ion
loss rate of ions colliding with atoms excited to the 24S
state, Γ24S , to the Langevin collision rate of ground state
atoms. To obtain the latter, we measure the charge trans-
fer rate of ground state atoms colliding with ions in the
metastable 2D3/2 state, ΓD, accounting for the charge
transfer probabilities. In this measurement we omit the
Rydberg laser pulse and use the 369 nm laser to pump the
ions to the 2D3/2 state. We alternate four times between
the measurement with resonantly excited Rydberg atoms
and the reference measurement in sets of each about 100
repetitions for interaction times of 20µs(50 ms) and lost
173(96) out of 561(557) ions in total, respectively. From
this, we obtain averaged ion loss rates and then a ra-
tio of Γ24S/(PctΓD) = 18(2) × 103. The charge transfer
4FIG. 4. Dipole-forbidden Rydberg excitation to 24P with
the aid of the electric field of a single ion. a) Ion loss prob-
ability due to charge transfer with Rydberg atoms is clearly
detected (blue, squares). For comparison, background ion loss
(first-step Rydberg laser switched off) is also shown (gray, dia-
monds). b) No significant atom loss can be observed, because
the fraction of atoms being close to the ion and thus able to
be excited is small. The spectra are obtained by averaging
about 90 frequency scans.
rate of the 2D3/2 state was determined to be 0.030(11)
per Langevin collision [20]. Assuming that the average
probability for the atoms to be in the Rydberg state is
PRyd ≤ 0.5, we conclude that the Rydberg atom-ion col-
lision rate exceeds the Langevin collision rate of ground
state atoms by at least a factor of 1.1(4)× 103.
Finally, we study Rydberg excitation to the 24P state,
which is dipole-forbidden in our two-photon excitation
scheme. However, the electric field of a trapped ion
Stark-mixes the 24P state with the nearby 24D state
such that excitation becomes allowed close to the ion [11].
To ensure that the ions do not venture into high-field re-
gions (cf. Fig. 3a) before the Rydberg excitation pulse,
we observe the ions’ fluorescence at a position outside
of the atom cloud before shuttling them inside it. This
allows us to discard instances where the ions were not
cooled into the trap center before the excitation pulse.
Independent Monte Carlo simulations (blue shaded line)
take the Stark admixing into account by scaling the Ryd-
berg excitation probability with the square of the local
electric field. A saturation parameter s and frequency
offset ∆0 are the only fit parameters. Further details can
be found in the Appendix A.
We measure ion loss using a long excitation pulse of
500µs and maximal laser power, presented in Fig. 4a.
A clear ion loss signal (blue, squares) at the expected
excitation frequency is detected. The gray shaded re-
gion around ∆ = 0 indicates the calculated value of the
two-photon resonance frequency to the bare 24P state
and the uncertainty due to our wavelength meter. The
displayed ion loss background measurement (gray, dia-
monds) is taken without atoms getting excited by block-
ing the first-step Rydberg laser. Without having loaded
atoms into the trap but lasers on, we do not detect a sin-
gle ion getting lost (gray abscissa). Both arguments con-
firm the fact that the observed ion loss is a consequence
of Rydberg atom-ion interaction. In contrast, we do not
observe any significant atom loss signal as depicted in
Fig. 4b, since most atoms are far away from the ion and
thus cannot be excited to the 24P state. The large red-
shift is caused by the about ten times higher polarizabil-
ity of the 24P state, its non-resolved fine structure, and
the fact that significant Stark admixing of the D state
demands intense electric fields. Therefore, we conclude
that we have enabled Rydberg excitation on a dipole-
forbidden transition with the aid of the electric field of a
single trapped ion via Stark mixing.
Summary – (i) We merged Rydberg excitation of ultra-
cold atoms with ions in a Paul trap. (ii) We demonstrated
the enhancement of atom-ion interactions by coupling to
Rydberg states. (iii) We modelled the asymmetric Stark
broadening due to ion and ion trap. (iv) We Rydberg-
excited atoms on a dipole-forbidden transition with the
aid of the electric field of a single trapped ion.
Outlook – Our results point the way to experiments
where atoms are laser-dressed with Rydberg states with
full dynamic control, letting us combine large and tunable
atom-ion interactions with long lifetimes, and not suffer-
ing charge transfer. Possible applications may be the
generation of entanglement or spin-spin interactions be-
tween ions and atoms [10]. Moreover, Rydberg couplings
on dipole-forbidden transitions form a key ingredient in
proposed schemes to suppress micromotion-induced heat-
ing [11, 32]. In particular, repulsive atom-ion interactions
could be created by dressing on such transitions. The im-
plementation of these schemes requires a lower starting
temperature of the mixture, and a single-step Rydberg-
coupling scheme to create sufficiently high repulsive bar-
riers, avoiding heating collisions. This facilitates sym-
pathetic cooling of trapped ions by atoms [11, 30, 33–
35], probing atom systems with ions [36], and enables
quantum information applications [10, 37] and the study
of many-body quantum physics [38]. Finally, Rydberg
states have been used to study the interactions between
ultracold atoms and free ions [39, 40], and recently to
perform Stark spectroscopy in a hybrid trap [41].
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Appendix A: Calculation of loss spectra
1. Atoms
To simulate the atom loss spectrum we sample atom
starting positions from the atomic density distribution
for random times and calculate the Rydberg excitation
rate taking all electric fields into account. Atom positions
are sampled from a 3D Gaussian distribution of widths
25 × 25 × 200µm3 and the starting time relative to the
rf-phase of the Paul trap from the interval [0, 2pi/Ωrf ]
for 5 × 107 atoms. The spectral density of the atomic
distribution is calculated by making a histogram of Stark
shifts, calculated from the electric fields at the starting
location and time of the atoms, with appropriate bin size.
The electric field at the atom position ~ra = (xa, ya, za)
T
contains a contribution from the Paul trap, ~Erf,a and one
from the ion ~Ei,a at position ~ri = (xi, yi, zi)
T:
~Erf,a =
mi
2e
(−ω2z + qΩ2rfcos(Ωrft)) xa(−ω2z − qΩ2rfcos(Ωrft)) ya
2ω2z za
, and (A1)
~Ei,a =
e
4pi0r3ia
xa − xiya − yi
za − zi
 , (A2)
where mi is the ion mass, ria the distance between atom
and ion, Ωrf the trap-drive frequency, q the dynamic sta-
bility parameter and ωz the axial trap frequency. The
Stark shift experienced by the Rydberg atom is given by:
Utot,a = −1
2
αRyd( ~Erf,a + ~Ei,a)
2, (A3)
where αRyd is the polarizability of the Rydberg state,
and α24S = 313 Hz/(V/m)
2.
2. Ions
The ion loss spectrum requires a full dynamical simula-
tion to model the ion loss induced by Rydberg atom-ion
collisions. We assume that the ion is positioned at the
trap center (justified later). We dice a random atom po-
sition and time as for the calculation of the atom loss
spectrum. The initial velocity of the atom is sampled
from a thermal distribution with T = 10µK. To model
a collision, we simulate the dynamics of both atom and
ion by solving Newton’s equations. The force acting on
the atom is given by:
~Ftot,a = −h∇aUtot,a, (A4)
FIG. 5. Rydberg atom-ion collision probability for the 24S
state for different two-photon detunings ∆ and starting dis-
tances, thus initial Stark shifts, from the trap center ria.
Atoms that approach the ion to within a distance of 0.2µm
are color-coded with the probability PRyd that the atom is
still in the Rydberg state when the collision occurs (color bar
legend). For larger initial distances, more and more atoms do
not collide with the ion (gray).
where∇a denotes the gradient with respect to the atomic
coordinates and h is Planck’s constant. The ion experi-
ences both the force due to the Paul trap ~Frf,i = e ~Erf,i
and the interaction force with the polarized Rydberg
atom ~Fa,i = −h∇iUtot,a, which results in:
~Ftot,i = ~Fa,i + ~Frf,i. (A5)
Atom and ion dynamics are propagated using an adap-
tive step-size Runge-Kutta algorithm of fourth order [30].
This allows for fast propagation when the atom-ion dis-
tance is large and for slow and accurate propagation for
small distances (when the forces become large). The sim-
ulation stops either if the ion-atom distance drops below
a minimum distance ria < rmin, if the collision takes
longer than tstop = 180µs, or if the atoms leaves the
interaction region ria > rescape = 10.5µm without collid-
ing (glancing collisions). We set the minimum distance
to rmin = 200 nm, roughly corresponding to the distance
where the potential barrier between the atom and ion
opens for the 24S state [28]. We simulate 107 events
for each loss spectrum. More details on our simulation
methods can be found in [30, 31].
To create an ion loss spectrum, we calculate the oc-
currence of collisions for each initial Stark shift, result-
ing from the atoms’ starting conditions. We choose an
appropriate frequency bin to create a histogram of colli-
sion probabilities, weighted with the probability that the
6Rydberg state has not decayed at collision time tcol, yet:
PRyd = e
−tcol/τ24S . (A6)
Here, τ24S ≈ 11µs is the lifetime which we calculated
using Ref. [25]. Fig. 5 shows initial Stark shifts for initial
distances from the trap center ria for 8468 atoms that
lead to ion loss (color dots), where PRyd is presented in
the color code. Naturally, PRyd is largest for atoms sam-
pled close to the ion and decreases for larger ria until the
initial distance to the ion gets too large to be bridged
within the Rydberg state’s lifetime. Note that as ex-
plained in the main text and therein depicted in Fig. 2a,
atoms excited outside the region dominated by the elec-
tric field of the ion, will be accelerated away from the ion
by the trap. We therefore restrict the atom sampling to
a homogeneous sphere of radius r0,max = 10µm (vertical
dashed line), consequently reducing the computational
effort. Rydberg atoms created further away from the ion
in the trap-dominated region thus do not contribute to
the ion loss signal, but to the atom loss signal only. Here,
due to the linear increase of the trap’s electric field am-
plitude with distance, the maximal Stark shift at the ex-
citation position increases linear with distance, seen as a
negative slope giving a lower bound to the gray sampling
dots in Fig. 5.
3. 24P State Simulation
For the calculation of the P state spectra, we follow a
similar procedure. To account for the Stark admixing of
the 24D state, we scale the probability of Rydberg exci-
tation accordingly. Since the state admixing of the 24D
state is to first order linear in the electric field experi-
enced by the Rydberg atom, we scale the probability of
exciting the Rydberg with the local electric field squared.
Note that the polarizability α24P = 2470 Hz/(V/m)
2 and
lifetime τ24P ≈ 22µs are different from those of 24S. To
account for these differences, r0,max and rescape were in-
creased to 20µm and 20.5µm, respectively, for the 24P
state simulations.
4. Fitting Procedure
Rydberg excitation suffers several mechanisms of line
broadening caused by e.g. magnetic fields, interactions,
finite temperature, etc. The symmetrically broadened
Rydberg spectrum for q = 0 is fitted by a Gaussian gG(∆)
of FWHM = 6.1 MHz (σ = 2.6 MHz in the computation).
To account for broadening effects in our simulation, in-
cluding the Paul trap for q 6= 0, we convolve the modelled
atom and ion spectra fmdl(∆) with a Gaussian of the ex-
tracted width (see Fig. 2 of the main text). Furthermore,
a saturation parameter s is included to take into account
atom densities and two-photon Rabi frequencies of the
Parameter Value Comment
ωz 2pi × 27 kHz axial trap frequency
Ωrf 2pi × 1 MHz trap-drive frequency
q ∈ [0, 0.4] stability parameter
Ta 10µK atom bath temperature
r0,max 10µm atom launch sphere rad.
rescape 10.5µm atom escape sphere rad.
tstop 180µs max. simulation time
rmin 200 nm collision distance
α24S 313 Hz/(V/m)
2 polarizability of 24S
α24P 2470 Hz/(V/m)
2 polarizability of 24P
TABLE I. Parameters used for the numerical simulations of
the Rydberg atom-ion collisions.
Rydberg transition. We calculate:
fs(∆) =
1
2
∫ ∆
−∞
(1− e−s·fmdl(∆′)) gG(∆′ −∆) d∆′,
(A7)
for a set {s1, ..., sn} and interpolate the resulting
fs1(∆), ..., fsn(∆) to obtain a two-dimensional function,
dependent on s and ∆. This function is fitted to the mea-
sured data, with fit parameters s and a frequency offset
∆0. Note that we assume that only a single collision
can take place, as described in the main text. Table I
summarizes the parameters used in the simulations.
Appendix B: Experimental Checks
Several mechanisms limit the region around the ion
where Rydberg excitation can result in a collision and
charge transfer. First, the finite lifetime of the Rydberg
atom limits the distance it can travel. Secondly, the elec-
tric fields of the Paul trap cause Rydberg atoms that are
created far away from the ion to be accelerated away. On
the other hand, motional excitation of the ions compli-
cates matters. In particular, collisions with background
gas molecules can cause the ions to enter highly excited
motional states where they can sample large electric field
regions in the trap. To check whether such events play
a role in our experiment, we observe the ion’s fluores-
cence signal right before the Rydberg excitation. In this
way, we eliminate from the data presented in Fig. 4 in
the main text instances where the ions are hit by a back-
ground gas molecule and sent into a large orbit during the
preparation of the atom cloud. Voltage ramps are used to
transport the ions in and out of the cloud such that fluo-
rescence detection can be performed without risking the
loss of ions due to collisions. The axial transport distance
7is about 400µm, well outside the atom cloud. Observing
the ions’ fluorescence directly after interaction with the
ultracold ground state atoms indicates that the presence
of the atom cloud does not lead to detectable heating.
Independent measurements with isotope-labelled crys-
tals containing one dark ion of another isotope show that
the ion crystals do not melt when interacting with ultra-
cold ground state atoms nor during transport. Note that
under typical Paul trap operation (q = 0.27), a two-ion
crystal melts if the ions have a radial oscillation ampli-
tude beyond 12µm, well within the atom cloud.
These measurements justify our assumption that the
ions are located near the trap center when Rydberg ex-
citation happens and do not venture into regions of large
electric fields within the trap.
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